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Introduction

28
The exploitation of ocean wave power as a renewable energy resource has 29 generated much interest in academia and industry, and has inspired many 30 inventors, with more than one thousand patents registered to date for wave 31 energy technologies [1] . The accurate assessment of site-specific ocean wave 32 resource is the first step in developing projects for wave energy extraction [5, 6, 7] . This is partly due to the high computational cost associated with 38 running coupled wave-tide models; also, validating wave-current iteration ef-39 fects in numerical models is a challenging task due the paucity of observations 40 and the complexity of the physical processes involved.
41
The effect of tidal currents on the wave power resource has been con-42 sidered in a few studies to date, on the basis of coupled wave-tide models. were used in coupled mode to conduct this study. Using the same mod-48 elling approach, Hashemi and Neill [9] showed that tidal currents can alter 49 wave power by more than 10% in some regions of the northwest European 50 shelf seas. They also briefly discussed a simple method to calculate this ef-51 fect. However, in their method, they only considered the effect of tides on 52 the wave group velocity, but on wave height, which might be greater, was 53 ignored. Furthermore, due to this limitation, no comparison with observa-54 tions was made -which could have assessed the accuracy of the method. 
61
In this research, a simplified but adequately accurate and efficient analyt- velocity, when currents and waves are aligned (opposing or following). We 76 will only consider deep water waves (or nearly), for which linear theory is 77 a reasonable approximation. We will also assume that the current field is 78 specified (i.e., the effect of waves on currents is neglected). 
Wave power in the absence of tides
80
In water of depth h and in the absence of a current, the period-averaged 
where C go is the group velocity, E o is mean wave energy, σ o = 2π/T o is the p D u w dzdt, where p D is the dynamic pressure and u w is the horizontal wave induced particle velocity, and η the wave surface elevation.
the absence of a background current. The angular frequency and wavenumber 89 are related to water depth by the linear dispersion relationship,
For deep water waves, i.e.,
leads to,
For irregular waves described by a wave energy spectrum, with significant 94 wave height H so and wave energy period T eo , H o would be replaced in Eq.
95
(3) by the root-mean-square (RMS) wave height H o,RM S (with, in deep water,
96
H o,RM S = H so / √ 2) and T o by an equivalent "energy" wave period T eo (see Ta-97   ble 1 for the definition of the energy period based on a wave energy spectrum). 
where each term on the right-hand-side is interpreted as follows:
106 i: wave energy transport by the group velocity; relative wave power;
107
ii: wave energy transport by the projected tidal current;
108
iii: transport of the kinetic energy of tidal current;
109 iv: work done by the current against the wave radiation stress (i.e., energy 110 exchange between waves and currents; the radiation stress represents the 111 mean wave-induced excess momentum flux).
112
The total energy flux due to waves E f (i.e., the absolute wave power) is of waves from the perspective of a stationary observer (i.e., the absolute 116 frequency σ 0 ) will be different from the intrinsic/relative wave frequency σ
117
(i.e., the wave frequency observed when moving with the current, for which 118 linear wave theory applies). We have,
which as expected predicts a reduced/increased relative frequency for a co-120 flowing/opposite current, respectively. system of equations,
By replacing σ from the second into the first Eq. (7), each of the above 134 equations can be independently solved for k, σ, and H, respectively.
135
Note that, using Eq. (5), the dispersion relationship for the relative 136 frequency (2nd Eq. (7)) can also be expressed as,
where when there is a tidal current u can be found based on Eqs. (7),
Note that, as indicated before, k can also be found by solving Eq. (8) 
with For sufficiently strong currents, the propagation of wave energy will be stopped,
206
i.e., wave blocking will occur. In deep water, the dispersion equation reads
implying that, for a given absolute frequency σ o and opposing current velocity water depth regime. This will be verified using field data.
264
In the following, we assess the performance of the simplified method for two sites on the UK shelf, in which wave data was collected using wave . We see that the prevailing wave direction is eastward 276 around both sites.
277
Representative time series of tidal current velocity were simulated around 278 the two selected sites using the ROMS model. A detailed description of 279 tide modeling has been presented elsewhere [25, 9] , and Table 3 gives the 280 ROMS model configuration at the two selected sites. Fig. 7 
where f o is the signal in the absence of tides and f T ide results from the tidal 
Results
324
In Fig. 9 , we computed the ratio of wave properties in the presence and
325
absence of a tidal current, using the simplified method described in Section 326 2.2 and summarized in Table 2 , for a range of wave periods T and current 327 velocities u. This figure also demonstrates that using the complete equations however, using the complete equations, it can be shown, that these are not 331 very sensitive to the water depth for this range of wave parameters.
332
In Fig. 9 , we see that, as expected, wave height increases/decreases for 333 an opposing/following current, respectively. In the former case, this effect is 
351
The accuracy of these predictions was first assessed for the Pentland Firth site. Fig. 10a shows a subset of the time series of significant wave height 353 measured at this site (Fig. 5) series of this ratio is plotted in Fig. 10b and compared to that predicted by 362 the simplified method, based on tidal current velocities estimated from the 363 tidal ellipses (Fig. 7) computed at the site (Fig. 10c) . Considering in Fig. 10 (i.e. y(t) = 1 + 0.1 sin 2π/12.41t). This is clearer in Fig. 11 
where f denotes a function (i.e., power matrix), which implicitly includes the 409 efficiency of the device, C p is the power coefficient, and E f the theoretical by tides (theoretical resource).
431
As mentioned before, opposing and following currents lead to an increase 432 or decrease in wave height, respectively. However, this effect is highly asym-433 metrical for the wave height and other quantities related to wave energy, for 434 each current direction (Fig. 9) . To further analyze the practical implications 
Conclusions
452
We presented a simplified method, based on linear wave theory, which can 453 be used to predict the effects of tidal currents on the wave power resource.
454
The method demonstrates that one can expect a significant increase in wave 455 height and power when currents are opposing waves (e.g., a 60% increase in 456 wave height for a -2.0 m/s current and a 8 s wave period), and a decrease in 457 these quantities, albeit smaller, when waves are following the currents (e.g.,
458
a 20% decrease in wave height for a +2.0 m/s current and a 8 s wave period).
459
Because of this asymmetrical effect of a current on wave properties, the net 460 effect of a symmetrical tidal current is an increase of the wave energy at a 461 given location; hence, in this case, the overall extractable wave energy by a 462 device also increases.
463
The accuracy of the simplified method was shown to be adequate for 
wave height Table 3 : ROMS model set-up used for simulating time series of tidal currents at two sites (Fig. 4) (Fig. 4) , in March 2012 and January 2007, respectively, corresponding to the availability of wave data. The dominant wave directions for these sites follow a very similar pattern in energetic months (i.e., December, January, February and March [30, 3] ). The color scales show the average significant wave height H s in meter for these time periods. : Effects of tidal currents on wave height and power for various wave periods. These linearized results are valid for kH ≪ 0.6 (see Fig. 1 ) and u ≪ u s (Eq. 12); subplots a and b show the effect on (relative) wave power, subplot c wave height, and subplot d wave energy flux. The wave properties -in the presence of tidal currents -have been normalized with the corresponding wave-only case. The accurate solutions (for T = 9) have been evaluated using the complete equations described in Section 2.2. Figure 10 : Estimation of tidal current effects using the simplified method for a time series of significant wave height observed at the Pentland Firth site (Fig. 4) during a spring-neap cycle. The tide-induced wave height modulations were filtered out from the signal (panel a), and the resulting wave height ratio compared with the predicted values (panel b; H/H o is the ratio of wave heights in the presence and absence of a tidal current computed from the two curves in panel a). The tidal current velocity estimated with ROMS is plotted in panel c. The vertical lines mark a time interval during which wave height was relatively large (H s > 1 m), and in panel b the simplified method (predicted curve) provides a good prediction of the tidal-induced modulations, both in magnitude and frequency.
Figure 11: Observed and predicted (using the simplified method) tide-induced wave height ratios, H s /H so , in the frequency domain, at the Pentland Firth site (Fig. 4 ). An excellent agreement is observed near the principal tidal constituent's period (i.e., M2 at 12.42 hr).
Figure 12: Application of the simplified method of estimating tidal current effects on waves to a time series of significant wave height observed at the Scarweather site (Fig. 4) during a spring-neap cycle. The tide-induced wave height modulations were filtered out from the signal (panel a), and the resulting wave height ratio compared with the predicted values (panel b; H/H o is the ratio of wave heights in the presence and absence of a tidal current computed from the two curves in panel a). The tidal current velocity estimated with ROMS is plotted in panel c.
Figure 13: Observed and predicted (using the simplified method) tide-induced wave height ratios, H s /H so , in the frequency domain, at the Scarweather site (Fig. 4 ). An excellent agreement is observed near the principal tidal constituent's period (i.e., M2 at 12.42 hr). 
